Cytochrome P450 (CYP)3A4 is the principal and most abundant human isoform of CYP responsible for the metabolism of more than 50% of all consumed drugs and innumerable endogenous compounds. Expression of CYP3A4 is sexually dimorphic and regulated by the combined actions of GH and glucocorticoids. In the case of the rat, nearly all of the CYPs are "intrinsically" or "inherently" sexually dimorphic, meaning that the expressed sex differences are permanent and irreversible. Using primary hepatocyte cultures derived from men and women exposed to physiologic-like levels of continuous GH (the feminine circulating profile) alone, dexamethasone alone, and the combined regimen, we observed a dramatic inherent CYP3A4 sexual dimorphism (women more than men) with all treatments. The molecular basis for this intrinsic sexually dimorphic expression of CYP3A4 appears to be due, at least in part, to a greater level of hormone-dependent activation and nuclear translocation of both hepatocyte nuclear factor-4␣ (HNF-4␣) and pregnane X receptor in female hepatocytes. Furthermore, these transcription factors exhibited significantly higher DNA binding levels to their specific motifs on the CYP3A4 promoter in female hepatocytes, inferring a possible explanation for the elevated expression of CYP3A4 in women. Accordingly, experiments using HepG2 cells treated with small inhibitory RNA-induced knockdown of HNF-4␣ and/or transfected with luciferase reporter constructs containing a CYP3A4 promoter lacking HNF-4␣-binding motifs demonstrated that GH, to a greater extent dexamethasone, and to the greatest extent the combine hormone regimen, stimulated HNF-4␣ and pregnane X receptor promoter transactivation, signifying enhanced transcription of CYP3A4 and, thus, identifying a molecular mechanism contributing to the intrinsic sexual dimorphic expression of human CYP3A4. (Endocrinology 152: 4813-4824, 2011) 
C
ytochrome P450 (CYP)3A4 is the principal human isoform of CYP responsible for phase I metabolism of at least one-half of all consumed drugs and expressed at the highest concentration, i.e. 30 -50% of the total pool of hepatic CYP (1, 2) . Scores of chemicals (e.g. drugs, environmental, and endogenous compounds) are substrates for CYP3A4 (3) . In vivo (4) and in vitro (5) studies have observed CYP3A4 to be female predominant with expression levels in women varying from approximately 25 to 200% above that in men. In fact, sex differences in CYP-dependent drug metabolism are quite common, existing in numerous diverse species from trout to humans (cf. 6).
The endogenous factor known to maintain sexually dimorphic expression of hepatic CYPs is GH (6, 7) . Moreover, in all species examined, including humans (8 -10) , GH is secreted in a sexually dimorphic pattern; the masculine profile is deemed "episodic," and the feminine is referred to as "continuous" (6, 11) . In the case of the rat, the species that has received the most attention, males secrete GH in episodic bursts approximately every 3-4 h. Between the peaks, GH levels are undetectable. In female rats, the hormone pulses are more frequent and irregular and are of lower magnitude than males, whereas the interpeak concentration of GH is always measurable. Exposure to the continuous or "constant" feminine secretory profile of GH produces the characteristic pattern of CYP isoforms expressed in females. Conversely, the episodic or "pulsatile" rhythm of GH secretion characterized as masculine is responsible for the expression of CYPs observed in male rats (12, 13) .
In humans, numerous reports, generally using GHdeficient individuals, have shown that GH replacement can restore drug-metabolizing enzymes to normal levels (14) . More recently, in vivo studies have reported the inductive effects of GH therapy on CYP3A4 enzyme markers in GH-deficient individuals. In one case, the inductive effects of a daily sc GH injection on CYP3A4-dependent activity were assessed separately in GH-deficient young boys and girls (15) . In another in vivo study, the differential effects of restored sex-dependent GH profiles (i.e. episodic and continuous) on CYP3A4, assessed by the erythromycin breath test, was reported on a combined cohort of GH-deficient men and women (16) . In an in vitro study measuring CYP3A4 mRNA, protein, and specific catalytic activity in hepatocyte cultures, presumably from combined sexes, exposure to a constant pharmacologic GH dose was found to be clearly inductive (17) . Extending these studies, we examined the effects of physiologic-like exposure doses of episodic or continuous human GH (hGH) on expression levels of several CYPs, including CYP3A4, in hepatocyte cultures derived from men and women donors (18) . Whether in the presence or absence of dexamethasone (a positive regulator for all members of the CYP3A family) (17) (18) (19) , and independent of sex, the masculine-like episodic GH profile suppressed CYP3A4 expression, whereas the feminine-like continuous GH profile was inductive.
In addition to observing the differential effects of the masculine and feminine GH profiles on CYP3A4 expression, we noted an apparent intrinsic sexually dimorphic response of several CYP isoforms, in that the episodic GH profile was more suppressive in hepatocytes from men than women, whereas the continuous GH profile was more inductive in hepatocytes from women than men. In this regard, the same once daily GH replacement regimen was significantly more suppressive of CYP3A4 enzymatic activity in boys than girls (15) . This intrinsic sex difference in GH regulation of CYP also has been reported in rats in which renaturalization of the feminine circulating GH profile was considerably more effective, both in vivo and in vitro, in restoring expression levels of CYP isoforms in GH-depleted females than males (20, 21) . Similar inherent sexually dimorphic responses in humans to the same episodic GH regimen have been reported for IGF-I, bone mineralization, lipid metabolism, growth rates, and growth hormone-binding protein; men more than women (22) (23) (24) (25) (26) .
In the present study, we have compared the responsiveness of hepatocyte CYP3A4 from adult men and women exposed to the same regimen of either dexamethasone alone, GH alone, or the combined hormones. In addition, we have examined possible molecular mechanisms that could explain an intrinsic sexual dimorphic response.
Materials and Methods

Human hepatocyte culture
Male and female hepatocytes were isolated from human liver (27) and plated on rat tail collagen-coated flasks (T-25) in DMEM and were obtained through the Liver Tissue Procurement and Distribution System (Pittsburgh, PA). All of the samples were obtained with donors' consent and with approval of the appropriate hospital ethics committee. Male and female donors varied in age from 25 to 50 yr. About 80% was Caucasian, the remainder was African American and Hispanic. Alcohol consumption, smoking, and drug history as well as causes of death varied between donors. Approximately 50% of livers had some degree of steatosis (5-40%). Approximately 48 h after isolation and plating, the primary hepatocyte cultures arrived at our laboratory. The replacement medium and culture conditions were described previously (18, 21) .
Hormonal conditions
We realized that because of radical differences in metabolism, it was not possible to translate normal circulating hormone levels into equivalent in vitro doses, but we did base the selected hormone concentrations in the hepatocyte cultures on physiologic levels. Dexamethasone is a highly potent, synthetic glucocorticoid. However, when comparing its biologic potency (e.g. gluconeogenic and glycogenolytic) with cortisol, the present levels (10 nM) would be comparable with resting plasma concentrations of the natural steroid in men and women (28) . In addition, our hGH dose of 2 ng/ml is physiologic (29) .
To replicate the more continuous feminine-like GH profile shown to be favored for human CYP3A4 expression (18) , the primary hepatocytes were constantly exposed (2 ng/ml) to recombinant hGH, 2.2 IU/mg as determined in the hypophysectomized female rat body weight gain bioassay, purchased from the National Hormone and Peptide Program (Torrance, CA). Other cells were exposed to dexamethasone (4 ng/ml) alone or to both the glucocorticoid and recombinant hGH. Some hepatocytes were exposed to neither hormone. The medium was changed every 12 h. After 5 d in culture, cells were harvested 60 min after the final change of media as previously described (16, 21) .
Preparation of whole-cell and nuclear extracts
To isolate protein for immunoblots, harvested hepatocytes were centrifuged (800 ϫ g for 10 min), and the resulting cell pellets were resuspended in lysis buffer (30) . The crude extract was passed through a 22-gauge needle 10 times. The solution was then gently mixed at 4 C for 20 min and centrifuged at 12,000 ϫ g for 20 min. The supernatant (whole-cell extract) was then removed and stored at Ϫ80 C until analyses. Briefly, nuclei were isolated according to the method of Dignam et al. (31) , by a series of centrifugations of resuspended, homogenized, and dialyzed crude nuclear extract originating from the low-speed pellet. Protein concentration was determined by the Bio-Rad protein assay (Bio-Rad, Hercules, CA).
TransSignal protein/DNA array I
To identify the relative binding of GH and dexamethasoneinduced human liver transcription factors to their consensus sequences, we used the TransSignal protein/DNA array I (Panomics, Redwood City, CA). Array analysis was performed as per the manufacturer's instructions using nuclear extracts from cultured male and female human hepatocytes. Basically, 10 g of nuclear extract from cultured male and female hepatocytes were incubated with 10 l of TransSignal probe mix containing 56 biotin-labeled double-stranded DNA oligonucleotides. The biotin-labeled oligonucleotides specifically bound to the transcription factors were eluted and hybridized to the TransSignal array membrane containing their complementary oligonucleotides overnight at 42 C. The blots were then washed and incubated with a horseradish peroxidase-conjugated streptavidin according to the manufacturer's instructions. The resulting signals were visualized, captured as well as quantified on a FluorChem IS-8800 Imager (Alpha Innotech, San Leandro, CA) by using a movie mode. The spots were identified and normalized with references provided in the TransSignal protein/DNA array I kit.
Immunoblot analysis
Using standard protocol (18, 32) , 25-50 g of the 12,000 ϫ g supernatant (i.e. whole-cell extract) and 50 g of nuclear extract were resolved on 10% SDS-PAGE and transferred electrophoretically onto Immuno-Blot-polyvinylidene difluoride membranes with a Bio-Rad transfer unit. The membranes were then blocked with 5% nonfat dry milk and incubated with primary antibody raised against recombinant human CYP3A4 (kindly provided by F. Peter Guengerich), hepatocyte nuclear factor-4␣ (HNF-4␣), or pregnane X receptor (PXR) (Sc-8987, Sc-25381; Santa Cruz Biotechnology, Inc., Santa Cruz, CA) antibodies. The primary antibody was located by using horseradish peroxidase conjugated to antirabbit IgG. The blots, incubated with SuperSignal West Femto (Pierce, Rockford, IL), were visualized, captured, and quantified by using an Alpha Innotech FluroChem 8800 Image system with a movie mode. Signals were normalized to a control sample, which was repeatedly run on each blot and exhibited a concentration variant between blots of 2.8 -6.1% for the different proteins. Lastly, blots were stripped and reprobed with loading controls actin or p97 antibody and found to be comparable with those obtained with internal controls of the assayed samples.
Chromatin immunoprecipitation (ChIP) assay
After the hormonal regimen described above, ChIP assays were performed on primary human hepatocytes as well as HepG2 cells (HB-8065; American Type Culture Collections, Manassas, VA) according to our previously described methods (32, 33) . Lysed, purified nuclei were sonicated to generate DNA fragments with an average length of 100-1000 bp. Equal concentrations of chromatin from all treatment groups were precleared with protein A agarose beads in the presence of 1 mg/ml BSA and 2 g of sonicated salmon sperm DNA to reduce the nonspecific background. After removal of beads by centrifugation, 2 g of HNF-4␣-or PXR-specific antibody (Santa Cruz Biotechnology, Inc.) were added and kept at 4 C for overnight on a rotary platform. The immunoprecipitates were washed sequentially, eluted, and prepared as previously described (32) . Immunoprecipitated DNA was purified using a PCR purification kit (QIAGEN, Valencia, CA) and resuspended in 50 l of sterile water. The purified DNA from immunoprecipitation was subjected to semiquantitative PCR using HNF-4␣ forward, 5Ј-GTC GTT AGA ATC TGA ACT TCC-3Ј and reverse, 5Ј-GGA TTC TAT GAG CTA AGT TCA-3Ј and PXR forward primer, 5Ј-TAT GCC AAT GGC TCC ACT TGA G-3Ј and reverse primer, 5Ј-TTG GAT TGT TTA TAT GCT AGA GAA GGA GGC-3Ј binding sites of the CYP3A4 5Ј flanking regions (34 -36) . No antibody (rabbit preimmune serum) and an HNF-4␣, and PXR nonbinding region of the albumin gene with a forward 5Ј-CAG GGA TGG AAA GAA TCC TAT GCC-3Ј and reverse 5Ј-CCA TGT TCC CAT TCC TGC TGT-3Ј primers were used as negative controls. PCR products resolved on agarose gels were quantified using a FluroChem IS-8800 Imager.
Confirmation of HNF-4␣ binding to motifs I and II and PXR binding to its motif on the CYP3A4 promoter by Southern blotting
The PCR products (DNA) from the ChIP assays were denatured and transferred onto Nytran N filters from Schleicher and Schuell (Keene, NH). Southern blotting was carried out (32, 33) to confirm the HNF-4␣-binding motifs in the PCR products by using ␥-32 P-labeled nucleotide sequence 5Ј-gtT CAT GTG CAA AGT TGA GTT a-3Ј and 5Ј-gCT TTG AAC TTA GCT CAT AGa-3Ј of the HNF-4␣ motifs I and II, respectively, binding sites of the human CYP3A4 promoter (35) . The PXRbinding motif in the PCR product was confirmed by using a ␥-32 P-labeled nucleotide sequence 5Ј-ata TGAACT caaagg AGGTCA gtg-3Ј of the PXR binding sites on the CYP3A4 promoter (34) . The signals were scanned and quantitated by using a FluorChem IS-8800 Imager. The signals were normalized with a positive control, which was repeatedly run on each blot.
HNF-4␣ knockdown in HepG2 cells
HepG2 cells were cultured in DMEM/F-12 containing 10% fetal bovine serum, penicillin (100 U/ml), and streptomycin (100 g/ml) under 5% CO 2 . Upon 50 -70% confluency, small inhibitory RNA (siRNA)-mediated knockdown of HNF-4␣ was carried out as per manufacturer's instructions (Sc-35573; Santa CruzBiotechnology,Inc.)aspreviouslyreported (37, 38) .Twentyfour hours after transfection with the siRNA or scrambled (Scr) siRNA (controls), the HepG2 cells were exposed for 2 d to the hormonal treatments described above. Cells were harvested on the third day and assayed for nuclear HNF-4␣ protein, HNF-4␣ binding to its putative CYP3A4 promoter (ChIP), and for confirmation of the occupied binding motifs (Southern blotting) by procedures described above for primary hepatocytes.
Transient transfection and luciferase assay
Dual luciferase reporter assays were conducted to compare the emulative transcriptional activity between the CYP3A4 13-kb promoter containing HNF-4␣ binding sites I and II [i.e. the so-called constitutive liver enhancer module (CLEM) motif] and the CYP3A4 3-kb promoter lacking both HNF-4␣ binding sites. HepG2 cells were cultured to 50 -70% confluency and transfected with either HNF-4␣ knockdown siRNA or the control Scr siRNA as we have described above. Twenty-four hours later, the cells were transiently transfected with either the 13-or 3-kb reporter plasmids (a generous gift from Garold S. Yost) using Lipofectamine LTX transfection reagent (Invitrogen Corp., Carlsbad, CA) as previously reported (36) . The Renilla reniformis luciferase plasmid was cotransfected as an internal control. After 24 h, the cells were exposed for 2 d to the same hormonal treatments as described for the primary human hepatocytes. On the third day, cells were lysed, and the respective luciferase activities were determined (39) using the dual-luciferase assay system (Promega, Madison, WI). Firefly luciferase activities for the experimental constructs were normalized for transfection efficiency and cell loading using R. reniformis luciferase activity and total protein concentration, respectively.
Statistics
All data were subject to ANOVA. Significant differences were determined with t statistics and the Bonferroni procedure for multiple comparisons.
Results
Similar to observations in mice (6, 40) , humans express large interperson variation in CYP levels. Depending upon the report, isoforms can vary up to 200-fold between individuals and usually more than 5-to 20-fold when determined in vivo or in freshly prepared cell extracts (41, 42) . Accordingly, it becomes understandable why an estimated 30% of hospitalized patients experience an adverse drug reaction, 0.31% of which are fatal (male:female, 4:1) (43). To limit the effects of this variability, all determinations in the present study were performed on the same individuals. Nevertheless, for reasons previously discussed (18) , there were always one or two donors whose hepatocytes' response to the hormone treatment was so incongruous (e.g. completely unresponsive) that these samples were eliminated from the study. Results of the Grubb's test for outliers as well as Dixon's test for extreme values agreed with our choice of the two outliers expunged from the data sets.
Sexually dimorphic response to hormonal regulation of CYP3A4 protein levels in primary hepatocytes from men and women
In agreement with our previous observations (18), hepatic CYP3A4 induction was greatest when the cells were exposed to the combined treatment of continuous dexamethasone and GH (Fig. 1) . Alone, GH was moderately inductive and dexamethasone considerably more so. Sex differences in the induction of CYP3A4 were indicated by the significantly greater expression levels of the isoform in female hepatocytes after all hormonal treatments.
Sex-dependent regulation of transcription factor binding to nuclear DNA from human hepatocytes
Employing a novel protein/DNA array I method, we detected 28 proteins that bound to the nuclear DNA of hepatocytes of both sexes (see Supplemental Table, published on The Endocrine Society's Journals Online web site at http://endo.endojournals.org). Irrespective of sex hormone treatments, binding of the remaining 28 proteins, including, were undetectable. Regarding our putative candidate proteins, we observed significant hormoneinduced and sex-dependent differences in HNF-4, glucocorticoid receptor, and retinoid X receptor (RXR) binding to nuclear DNA in hepatocytes derived from men and women (Fig. 2) . In contrast to the hormonal effects on CYP3A4 induction (Fig. 1) , GH alone induced greater HNF-4/ DNA binding than dexamethasone alone, whereas the combined hormonal treatment was significantly more effective than either treatment alone ( Fig. 2A) . Glucocorticoid receptor/DNA binding and RXR/DNA binding was more reflective of the hormonal effects on CYP3A4 induction. That is, GH alone moderately, at best, stimulated FIG. 1. Sex-dependent hormonally regulated expression levels of CYP3A4 protein in hepatocytes derived from adult men and women. The cells were exposed to either continuous dexamethasone alone (DEX), continuous GH alone, both hormones (DEXϩGH), or vehicle alone (-DEX-GH) for 5 d in culture, after which the cells were harvested and analyzed. Each data point is a mean Ϯ SD for cells from six men, all treatments except DEXϩGH, in which n ϭ 5; six women, all treatments except -DEX-GH, in which n ϭ 5. *, P Ͻ 0.01 compares with the GH alone treatment of the same sex; †, P Ͻ 0.01 compares women with men exposed to the same hormone treatment. A representative immunoblot of CYP3A4 and its respective loading control (actin) is presented in the figure. 
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glucocorticoid receptor and RXR binding to DNA, whereas dexamethasone alone was more effective (considerably so in the case of glucocorticoid receptor/DNA binding), and the combined hormonal treatment was clearly the most stimulatory (Fig. 2, B and C) . Sex differences in hormonal enhancement of transcription factor binding were observed with a greater effectiveness of every hormone regimen in female hepatocytes.
Sex-dependent hormonal regulation of nuclear HNF-4␣ and PXR concentrations in human hepatocytes
Regardless of sex, the apparent nuclear translocation of HNF-4␣ and PXR exhibited different responses to dexamethasone and GH when each hormone was administered separately. That is, nuclear concentrations of HNF-4␣ were two to three times greater after exposure to GH than   FIG. 2 . Sex-dependent hormonally regulated DNA bound HNF-4 (A), glucocorticoid receptor (GR) (B), and RXR (C) in nuclei from hepatocytes derived from adult men and woman. The cells were exposed to either continuous dexamethasone alone (DEX), continuous GH alone, or both hormones (DEXϩGH) for 5 d in culture, after which the hepatocytes were harvested, and transcription factor bound DNA was determined by a TransSignal Protein/DNA Array I kit. The signals were normalized with references provided by the manufacturer. Each data point is a mean Ϯ SD for cells from five individuals, all treatments. *, P Ͻ 0.01 compares with the GH alone treatment of the same sex; †, P Ͻ 0.01 compares women with men exposed to the same hormone treatment. Representative arrays of HNF-4/DNA, GR/DNA, and RXR/DNA complexes and their respective loading controls (biotinylated DNA) are presented in the figure.   FIG. 3 . Sex-dependent hormonal regulation of nuclear HNF-4␣ (A) and nuclear PXR (B) protein levels in hepatocytes derived from adult men and women. The cells were exposed to either continuous dexamethasone alone (DEX), continuous GH alone, or both hormones (DEXϩGH) for 5 d in culture, after which the hepatocytes were harvested and analyzed. Each data point is a mean Ϯ SD for cells from six men, all treatments except DEXϩGH, in which n ϭ 5; six women, all treatments. *, P Ͻ 0.01 compares with the GH alone treatment of the same sex; †, P Ͻ 0.01 compares women with men exposed to the same hormone treatment. Representative immunoblots of HNF-4␣ and PXR and their respective loading controls (p97) are presented in the figure. Positive controls (HNF-4␣ and PXR) were repeatedly run on all blots for procedural integrity (data not shown).
Endocrinology, December 2011, 152(12):4813-4824 endo.endojournals.orgdexamethasone (Fig. 3A) . In contrast, nuclear levels of PXR were three times greater in hepatocytes exposed to dexamethasone than GH (Fig. 3B) . Simultaneous exposure to both hormones increased nuclear concentrations of HNF-4␣ and PXR in both sexes to levels that exceeded the additive effects of individual hormone treatments. Again, nuclear translocation (as judged from nuclear concentrations) of both HNF-4␣ and PXR was dramatically greater, at all hormone treatments, in hepatocytes from women. Control hepatocytes (no hormone treatment) from both sexes exhibited, at best, trace nuclear concentrations of HNF-4␣ and PXR levels (data not shown). In addition, we observed no detectable levels of phospho-signal transducer and activator of transcription 5 in the nuclear hepatocytes of any of the treatment groups (data not shown).
Sex-dependent hormonally regulated HNF-4␣
binding to the CYP3A4 promoter Consistent with Figs. 2A and 3A , GH alone induced greater levels of HNF-4␣ binding to the CYP3A4 promoter than dexamethasone alone (Fig. 4A) . The combined treatment of continuous GH and continuous dexamethasone was clearly the most effective, stimulating HNF-4␣ binding to the CYP3A4 promoter to levels greatly exceeding the sum of the individual effects of the two hormones. Once more, an intrinsic sexual dimorphism was observed in that HNF-4␣ binding to the CYP3A4 promoter was significantly greater with all hormone treatments in primary hepatocytes from women. In confirmation, using Southern blotting, we observed very much similar levels of the HNF-4␣-binding motif of the CYP3A4 promoter bound to the activated transcription factor (Fig. 4B) as seen in the ChIP assay (Fig. 4A ) Because of the very close proximity of the two putative binding sites for HNF-4␣ in the CYP3A4 promoter, the ChIP assay measures HNF-4␣ binding to both motifs. In contrast, the Southern blotting allowed us to measure either binding site. Accordingly, we analyzed both binding motifs I and II and have presented the former, whose results were near identical to the latter.
Sex-dependent hormonally regulated PXR binding to the CYP3A4 promoter
Consistent with Fig. 3B , dexamethasone alone induced greater levels of PXR binding to the CYP3A4 promoter than GH alone (Fig. 5A) . The combined treatment of continuous dexamethasone and continuous GH was clearly the most effective, stimulating PXR binding to the CYP3A4 promoter to levels exceeding the additive effects of the two hormones administered separately. Again, an inherent sexual dimorphism was observed in that PXR binding to the CYP3A4 promoter was significantly greater with all hormone treatments in primary hepatocytes derived from women. In confirmation, using Southern blotting, we observed very much similar levels of the PXRbinding motif of the CYP3A4 promoter bound to the activated transcription factor (Fig. 5B) , reflecting the results of the ChIP assay (Fig. 5A ).
siRNA interference with hormonal regulation of nuclear HNF-4␣ accumulation in HepG2 cells
To identify the role of HNF-4␣ in the hormonal regulation of CYP3A4 expression for subsequent experiments,
FIG. 4.
Sex-dependent hormonal regulation of HNF-4␣ binding to the CYP3A4 promoter (ChIP assay) (A) and confirmation of the occupied HNF-4␣-binding motif in the CYP3A4 promoter (Southern blotting) (B) in hepatocytes derived from adult men and women. The cells were exposed to either continuous dexamethasone alone (DEX), continuous GH alone, or both hormones (DEXϩGH) for 5 d in culture, after which the hepatocytes were harvested and analyzed. Each data point is a mean Ϯ SD for cells from six men, all treatments except DEXϩGH, in which n ϭ 5; six women, all treatments. *, P Ͻ 0.01 compares with the GH alone treatment of the same sex; †, P Ͻ 0.01 compares women with men exposed to the same hormone treatment. A representative ChIP blot (A) with its input control (albumin) and a Southern blotting (B) are presented in the figure. we examined the effectiveness of a siRNA designed to knock down HNF-4␣ in HepG2 cells (Fig. 6) . The control HepG2 cells transfected with the nonspecific (Scr) siRNA exhibited the same hormonal responsiveness as the primary human hepatocytes (Fig. 3A) . That is, dexamethasone alone induced the smallest increase in nuclear HNF-4␣ concentrations, whereas GH alone was several fold more effective, and the combined hormonal treatment was clearly the most inductive regimen. In general, exposure of the HepG2 cells to siRNA reduced the effectiveness of each hormone treatment to stimulate HNF-4␣ nuclear translocation by about 50%. Although this level of knockdown is somewhat modest when compared with the effects of other species of siRNA, it is in agreement with reports specifically using siRNA against HNF-4␣ (37, 38).
Hormonally regulated HNF-4␣ binding to the CYP3A4 promoter in HNF-4␣ knockdown HepG2 cells
Having established the effectiveness of the siRNA to inhibit nuclear accumulation of HNF-4␣ (Fig. 6) , we proceeded to examine the role of the transcription factor in mediating hormonal induction of CYP3A4 expression. Consistent with our findings using primary human hepatocytes (Fig. 4A) , in control (Scr siRNA) HepG2 cells, GH alone induced greater levels of HNF-4␣ binding to the CYP3A4 promoter than dexamethasone alone (Fig. 7A) . The combined treatment of continuous GH and dexamethasone was clearly the most effective stimulating HNF-4␣ binding to the CYP3A4 promoter to levels greatly exceeding the sum of the individual effects of the two hormones. An approximately 50% reduction in HNF-4␣ nuclear translocation (Fig. 6 ) resulted in a similar percent reduction in the binding of the transcription factor to the CYP3A4 promoter at every hormone treatment, demonstrating the importance of HNF-4␣ recruitment by all the hormone regimens in their induction of CYP3A4 expression. In confirmation, using Southern blotting, we FIG. 5. Sex-dependent hormonal regulation of PXR binding to the CYP3A4 promoter (ChIP assay) (A) and confirmation of the occupied PXR-binding motif in the CYP3A4 promoter (Southern blotting) (B) in hepatocytes derived from adult men and women. The cells were exposed to either continuous dexamethasone alone (DEX), continuous GH alone, or both hormones (DEXϩGH) for 5 d, after which the hepatocytes were harvested and analyzed. Each data point is a mean Ϯ SD for cells from six men, all treatments except DEXϩGH, in which n ϭ 5; six women, all treatments. *, P Ͻ 0.01 compares with the GH alone treatment of the same sex; †, P Ͻ 0.01 compares women with men exposed to the same hormone treatment. A representative ChIP blot (A) with its input control (albumin) and a Southern blotting (B) are presented in the figure.
FIG. 6.
Hormonal regulation of nuclear HNF-4␣ protein levels in HNF-4␣ proficient and deficient HepG2 cells. After 50 -70% confluency, HepG2 cells were transfected with either the control nonspecific Scr siRNA (proficient) or HNF-4␣ knockdown siRNA (deficient) and 24 h later exposed to either continuous dexamethasone alone (DEX), continuous GH alone, or both hormones (DEXϩGH) for 2 d, after which the cells were harvested and analyzed. Each data point is a mean Ϯ SD with an n ϭ 7, except DEX siRNA, in which n ϭ 6. *, P Ͻ 0.01 compares the effects of the knockdown siRNA with the control cells exposed to the same hormone treatment; †, P Ͻ 0.01 compares with GH alone in cells transfected with the same siRNA. A representative immunoblot of HNF-4␣ and its respective loading control (p97) are presented in the figure. A positive control (HNF-4␣) was repeatedly run on all blots for procedural integrity (data not shown).
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observed very much similar levels of the occupied HNF-4␣-binding motif of the CYP3A4 promoter (Fig. 7B) as seen in the ChIP assay (Fig. 7A ).
Hormonal regulation of CYP3A4 promoter activity in HNF-4␣ proficient and deficient HepG2 cells transfected with either HNF-4␣-containing binding motifs (13-kb CYP3A4 promoter) or HNF-4␣-devoid binding motifs (3-kb CYP3A4 promoter)
The aim of this experiment was to determine the requirement(s) for hormone-induced nuclear translocation and promoter binding of HNF-4␣ for transactivation of the CYP3A4 promoter as measured by luciferase activity. Accordingly, dexamethasone alone, GH alone, and the combined hormonal regimen require a CYP3A4 promoter with HNF-4␣-binding motifs (i.e. CLEM element) for maximal activation of CYP3A4 expression (Fig. 8, A and  B) . Although GH was more effective than dexamethasone in elevating nuclear levels of HNF-4␣ (Fig. 6) , as well as enhancing binding of the transcription factor to the CYP3A4 promoter (Fig. 7A) , dexamethasone was considerably more effective than GH in activating the CYP3A4 promoter (Fig. 8A) , perhaps indicating the greater impor-
FIG. 7.
Hormonal regulation of HNF-4␣ binding to the CYP3A4 promoter (ChIP assay) (A) and confirmation of the occupied HNF-4␣-binding motif in the CYP3A4 promoter (Southern blotting) (B) in HNF-4␣ proficient and deficient HepG2 cells. After 50 -70% confluency, HepG2 cells were transfected with either the control nonspecific Scr siRNA (proficient) or HNF-4␣ knockdown siRNA (deficient) and 24 h later exposed to either continuous dexamethasone alone (DEX), continuous GH alone, or both hormones (DEXϩGH) for 2 d, after which the cells were harvested and analyzed. Each data point is a mean Ϯ SD with an n ϭ 7, except DEX siRNA, in which n ϭ 6. *, P Ͻ 0.01 compares the effects of the knockdown siRNA with the control cells exposed to the same hormone treatment; †, P Ͻ 0.01 compares with GH alone in cells transfected with the same siRNA. A representative ChIP blot (A) with its input control (albumin) and a Southern blotting (B) are presented in the figure.  FIG. 8 . Hormonal regulation of CYP3A4 promoter activity in HepG2 cells transiently transfected with a full-length 13-kb CYP3A4 promoter construct (A) or truncated 3-kb CYP3A4 promoter construct (B), as well as a control nonspecific Scr siRNA or HNF-4␣ knockdown siRNA. Twenty-four hours later, the cells were exposed to either continuous dexamethasone alone (DEX), continuous GH alone, both hormones (DEXϩGH), or vehicle alone (-DEX-GH) for 2 d, after which the cells were harvested and promoter activity measured using a dual luciferase reporter system. Luciferase activity was normalized with cotransfected Renilla luciferase activity. Each data point is a mean Ϯ SD with an n ϭ 5, all treatments. *, P Ͻ 0.01 compares the effects of knockdown siRNA with the control (Scr siRNA) cells transfected with the same promoter construct and exposed to the same hormone treatment; †, P Ͻ 0.01 compares with GH alone in cells transfected with the same promoter construct and same siRNA. Schematic explanations of the findings are presented in the figure. XREM, Xenobiotic-responsive enhancer module. tance of PXR-RXR ␣ binding to the promoter (Fig. 5A ). In agreement, dexamethasone alone was more effective than GH alone in inducing actual CYP3A4 protein levels in primary human hepatocytes (Fig. 1) . After HNF-4␣ knockdown, nuclear levels of the transcription factor were reduced (Fig. 6) , binding to the promoter was reduced (Fig. 7A) , as was transactivation of the CYP3A4 promoter similarly reduced after all hormone treatments (Fig. 8A) . Transfection of the HepG2 cells with the truncated 3-kb CYP3A4 promoter lacking the HNF-4␣-binding motifs (but containing one of the two PXR-RXR ␣ binding elements) reduced by more than 50% CYP3A4 promoter activity after all hormone treatments (Fig. 8B ). When these same cells were also transfected with siRNA against HNF-4␣, CYP3A4 promoter activity was reduced an additional 50% with all hormone regimens. Briefly then, there appeared to be a requirement for HNF-4␣ binding to its element (CLEM) in the CYP3A4 promoter for maximal activation. Accordingly, an approximately 50% reduction in nuclear HNF-4␣, resulting from siRNA-induced knockdown (Fig. 6) , caused a similar percent decline in CYP3A4 promoter binding (Fig. 7A) and activation (Fig. 8, A and B) . However, even in the absence of the HNF-4␣-binding motifs in the CYP3A4 promoter (3-kb promoter), a minimal, perhaps baseline activity of the promoter, was observed as a possible consequence of PXR-RXR ␣ binding to the everted repeat 6 (ER6) complex in the promoter (Fig. 8B) .
Discussion
In addition to exhibiting a female predominance when determined in vivo (4, 16) , in liver extracts (5) , and in cultured hepatocytes (18) , we now report an intrinsic sexual dimorphism in CYP3A4 expression, in which hepatocytes from women are the considerably more responsive sex to the normally inductive effects of continuous GH, alone or when administered with dexamethasone (the physiologic-like condition) or even to dexamethasone alone. In this regard, there is also an intrinsic sexually dimorphic response to the masculine circulating GH profile, which in contrast to the inductive effects of the feminine GH profile (17, 18) normally suppresses CYP3A4 expression (18) but is significantly more repressive in men both in vivo (15) and in primary hepatocyte cultures (18) . Clearly, the sexually dimorphic secretory GH profiles can invariably explain the sex differences in constitutive levels of CYP3A4 as well as other isoforms in humans (cf. Ref. 18) and also in several other nonhuman mammalian CYPs (6) . Curiously, however, the existence of intrinsic sexually dimorphic responses to the sex-dependent GH profiles seems an unwarranted redundancy, because it is highly unlikely that men would be exposed to the feminine GH circulating profile nor would women be exposed to the masculine profile. Nevertheless, intrinsic sexually dimorphic responses, both in vivo and in vitro, of CYPs to GH regulation have been found in other species, including a half-dozen constituent CYPs (20, 21, 32, 33, 44) and several inducible isoforms (45) in rats. Moreover, several inherent GH-dependent sexually dimorphic responses to non-CYP functions in humans have also been reported (22) (23) (24) (25) (26) . Although any possible justification(s) for these intrinsic sexual dimorphisms is speculative, the present study has identified possible mechanisms responsible for their expression.
The human CYP3A4 gene is regulated by a notably promiscuous promoter capable of transactivation, directly or indirectly, by more than a dozen nuclear receptors/transcription factors. Various ligands (e.g. xenobiotics, environmental chemicals, hormones, and pathophysiologic damage) induce CYP3A4 expression, to different degrees, by activating different transcriptional networks, each containing novel as well as some overlapping components capable of transactivating a different assemblage of binding elements on the CYP3A4 promoter (35, 36, 46, 47) . Because CYP3A4, the principal CYP isoform (1, 2), represents a major detoxification and metabolic pathway, it has been suggested that the functional redundancy and synergistic regulatory networks transactivate different promoter modules to always ensure some level of induction of CYP3A4 to meet various needs (47) . Significantly, all of the identified transcriptional pathways appear to contain the obligatory nuclear receptor PXR, functioning as its heterodimer PXR⅐RXR ␣ and invariably HNF-4␣ (35, 36, 46, 47) , whose roles we have examined in the present study.
PXR and HNF-4␣ are themselves rather promiscuous transcription factors. It has been suggested (48, 49) that PXR has evolved to protect the body from toxic chemicals, because it can be activated by a structurally diverse collection of drugs, environmental chemicals, various endogenous lipophilic compounds (e.g. steroids, bile acids, and eicosanoids), as well as collaborative cell signaling pathways. HNF-4␣, a zinc finger protein, is the most abundant transcription factor in the liver, having been reported to bind to the promoters of more than 1000 genes involved in most aspects of hepatocyte function (50, 51) . It would appear that in addition to activating its own specific binding sites on the CYP3A4 promoter, HNF-4␣ induces CYP3A4 transcription by increasing PXR expression (52) and the subsequent transactivation of PXR⅐RXR ␣ binding elements on the promoter (53) (54) (55) . Accordingly, we have observed that continuous GH alone stimulates nuclear translocation of HNF-4␣ and significantly elevates binding levels of the transcription factor to its motifs on the CLEM module of the CYP3A4 promoter. Although dexamethasone can produce the same effect on HNF-4␣, the magnitude of the effect is considerably less. Dexamethasone, however, is a known inducer of PXR expression (49, 52) and, as we have observed, stimulates nuclear translocation of PXR and the transactivation of the PXR⅐RXR ␣ -specific xenobiotic-responsive enhancer module and, likely, the ER6 element in the CYP3A4 promoter. Continuous GH has similar actions on PXR but to a much lesser extent than dexamethasone. Understandably then, the combined treatment of continuous GH and dexamethasone, each acting through a different transcriptional network [see schematic representation in Fig. 8A , as proposed earlier (35, 36, 46, 48) ] is a more effective inducer of CYP3A4 than the sum of the individual hormone treatments. As predicted earlier (49), we found that deletion of the HNF-4␣ binding sites on the CYP3A4 promoter permits only minimal activation, limited to PXR⅐RXR ␣ binding to its ER6 element (see schematic representation, Fig.  8B ), demonstrating the importance of the continuous secretory GH profile (via its actions on HNF-4␣) in maintaining the elevated expression levels of CYP3A4 in women.
The present findings indicate that the feminine-like plasma GH profile along with glucocorticoids is responsible for the elevated sex-dependent expression levels of CYP3A4 by up-regulating PXR and HNF-4␣ transactivation of the CYP3A4 promoter. However, the same study has also shown that hepatocytes derived from men respond with strikingly lower induction levels of CYP3A4 than hepatocytes from women exposed to the same hormone regimens. This intrinsic sexual dimorphism can be explained, at least in part, by the suboptimal effectiveness of the hormone treatments to recruit PXR and HNF-4␣ as well as limiting both their nuclear translocation and subsequent transactivation of the CYP3A4 promoter in male hepatocytes. This observation is in agreement with our previous studies examining the molecular mechanisms responsible for the inherent sexually dimorphic responses of rat CYPs to sex-dependent GH profiles (32, 33, 44) . In this regard, expression of CYP2C12, the primary female rat CYP, is dependent upon continuous GH activation of a complex network of signal transducers and transcription factors, including HNF-4␣ transactivation of the isoform's promoter (33, 56) . Activation of this complex induction network and succeeding CYP2C12 expression is dramatically reduced in males, both in vivo (20) and in hepatocytes exposed to the feminine GH profile (33) .
If activation of a particular CYP is solely due to the GH profile to which it is exposed, then irrespective of sex, the same sex-dependent GH profile should induce the same expressional levels of the isoform in both males and females. Clearly, this is not the case. Regarding CYP3A4, there are several structural polymorphisms in the CYP3A4 gene, including single nucleotide polymorphisms, that contribute to the variability of CYP3A4 expression in men and women (35, 57, 58) . However, these polymorphisms are not necessarily sex linked and at best contribute to no more than 50% of the differences in CYP3A4 expression (57, 58) and thus are not likely to be the sole reason for the intrinsic sex differences in CYP expression. In contrast, perinatal hormones (e.g. testosterone and dihydrotestosterone) have been shown to imprint intrinsic, and thus irreversible, sex-dependent responses in adult neuroendocrine functions, e.g. gonadotropins secrectory profiles, sexual behavior, and food preferences (59) . Accordingly, we propose that the intrinsic sexually dimorphic responses of CYP isoforms to sex-dependent GH profiles in humans as well as rats may result, at least in part, from permanent imprinting effects of perinatal hormones. Whether these intrinsic effects produce a selective advantage or are simply neutral phenotypes that may or may not be linked to beneficial sexual dimorphisms is unknown.
